A series of planar model catalysts have been prepared via deposition of Ir n + on thermally grown amorphous SiO 2 / Si͑100͒ and ion scattering spectroscopy was used to probe surface structure as a function of cluster size, impact energy, and surface temperature. Deposition of Ir 2 or Ir 10 at low energies and room temperature results in stable clusters forming one-or two-dimensional single layer islands on the oxide surface. Heating the samples to 750 K leads to agglomeration, forming multilayer structures on the surface. Ir 1 deposited under similar conditions sinters into large clusters at room temperature. Deposition at 110 K at least partially stabilizes the Ir atoms with respect to diffusion and sintering. At higher deposition energies, partial implantation into the surface is observed, but this appears to be insufficient to stabilize the clusters against sintering at elevated temperature. At low temperatures, substrate-mediated adsorption of CO is found to be highly efficient, leading to near saturation coverages of CO bound atop the Ir n clusters. The CO can be removed by careful He + sputtering. The deposition/binding behavior of Ir n on SiO 2 is quite different from Ir n / TiO 2 ͑110͒, for which the clusters bind in three-dimensional morphology, starting at Ir 5 . That system also shows substrate-mediated adsorption of CO, but the CO preferentially binds at the periphery of the clusters rather than on top.
I. INTRODUCTION
The useful lifetime of highly dispersed, supported catalysts is often limited by sintering of active metal. If, as in the example of gold catalysts, 1,2 the active site is small metal clusters on the surface, then sintering can rapidly push the cluster size out of the active size range. Recent ion scattering 3, 4 and scanning tunneling microscopy ͑STM͒ 5, 6 studies showed markedly different sintering behavior for Au atoms deposited on room temperature rutile TiO 2 ͑110͒, compared to the behavior of clusters even as small as Au 2 .
On freshly vacuum-annealed TiO 2 , atoms diffuse and become trapped at O-vacancy sites, 3, 6 so that sintering only becomes significant at elevated temperatures. The vacancy sites are quite efficient at reacting with water, which replaces each vacancy with a pair of hydroxyl sites. These hydroxyl sites do not trap Au atoms at room temperature and sintering to large clusters occurs on an hour time scale. 4, 6 In contrast, preformed clusters are stable with respect to sintering, even on the hydroxylated surface. These results are in contrast with the conclusions of Carrey et al. 7 for Au particle growth on amorphous Al 2 O 3 . They proposed that the best explanation for the growth mode observed on the Al 2 O 3 surface is if small clusters are more mobile than atoms.
Most model supported catalysts are prepared by vapor deposition of atoms onto the support, followed by thermal treatment to grow clusters. Of the relatively rare experiments where preformed, size-selected clusters are deposited on supports to make model catalysts, only a few examined sintering or compared morphology of samples prepared by atomic versus cluster deposition. [8] [9] [10] [11] For Ir and Ni on TiO 2 ͑110͒ and Ir on alumina/NiAl͑110͒, we found that even atoms are sinter stable at room temperature, however, this may reflect trapping at O-vacancies ͑TiO 2 ͒ or dislocations ͑alumina/NiAl͒ because our experimental time scale was kept short, so that hydroxylation of defect sites was not significant. In contrast, Benz et al. found that both Ag atoms and dimers deposited on TiO 2 ͑110͒ ͑presumably hydroxylated due to the long STM time scale͒ sintered to form large clusters and stability appeared only when Ag 3 was deposited. 11 Heiz and co-workers [12] [13] [14] [15] [16] reported several studies of catalysis on samples prepared by deposition of size-selected clusters, including monomers over MgO. While these studies did not include any direct characterization of the sample morphology, the observation of strongly size-dependent activity implies that the clusters were at least mostly stable and that deposited atoms did not sinter to form clusters in the active size range. Here again, the stability of atoms, and possibly also the clusters, probably reflects the reported presence of oxygen vacancies or other defects in the MgO film support. Additionally, work done at Argonne National Laboratory focused on both the reactivity 17, 18 and stability 19, 20 of preformed Au n 17, 19 and Pt n 18,20 clusters ͑n =4-10͒ over thinfilm SiO 2 and Al 2 O 3 surfaces. Some of the more notable results from this work include the tendency of Au particles to bind to SiO 2 in perpendicular two-dimensional ͑2D͒ geometries ͑standing up͒ before wetting the surface ͑laying flat with 2D agglomeration͒ ͓ultrahigh vacuum ͑UHV͔͒ or forming three-dimensional ͑3D͒ aggregates ͑in H 2 ͒ at elevated temperatures and the increased ability of thicker Al 2 O 3 amorphous films to stabilize particles against sintering relative to thinner, more ordered SiO 2 films. Pt particles readily form oblate-spheroid aggregates at temperatures over 625 K on SiO 2 but preserve their initial spherical structures up to 675 K when bound over six layers of Al 2 O 3 .
Here, we report a study comparing sintering of atoms and small clusters on a surface chosen to have a low density of chemically active sites that might act as diffusion traps. The system is Ir/ SiO 2 , where the SiO 2 is a high quality amorphous film grown on Si. In addition to the temperature and cluster size effects on sinter stability, we discuss the morphology of Ir clusters on SiO 2 and the use of ion scattering to probe substrate-mediated adsorption ͑SMA͒ of CO on the Ir clusters. The results are compared to similar experiments for Ir and Ni clusters deposited on TiO 2 .
One motivation for examining sinter stability of supported Ir clusters is the use of Ir based catalysts for hydrazine ͑N 2 H 4 ͒ decomposition, in applications such as gas generators or spacecraft thrusters. The typical catalyst ͑Shell 405͒ is alumina with a high loading of Ir and, because the reaction is quite exothermic, high temperature stability is a critical issue. Effects such as particle sintering and support degradation at elevated temperatures tend to reduce the activity of such catalysts. 21, 22 While the catalysts usually operate at high temperatures, low temperature activity is also necessary to provide efficient cold starts in intermittent operation.
We reported several studies of model Ir/alumina catalysts prepared by cluster deposition 23 and by growth of Ir clusters following high coverage Ir atom deposition. 24 Hydrazine decomposition was probed by temperatureprogrammed desorption ͑TPD͒ and it was found that both activity and selectivity ͑i.e., the product distribution͒ depended strongly on deposited cluster size. For example, catalysts prepared with clusters smaller than Ir 7 showed no activity above the baseline activity observed for the alumina/ NiAl͑110͒ substrate. Larger clusters catalyzed N 2 production at low temperatures, but not the high temperature recombinative N 2 production observed for both the high coverage model catalyst and for bulk Ir͑111͒. 25 NH 3 is one of the major products for bulk Ir or high coverage catalysts, but this channel was not observed for size-selected clusters smaller than Ir 15 . For these size-selected model catalysts, stability was a major issue-significantly lower activity was observed in repeated TPD experiments, indicating that significant changes, presumably sintering, occurred during heating to 600 K.
The work presented here addresses the cluster size and temperature dependence of sinter stability of Ir n / SiO 2 , the morphology of the clusters as a function of deposition energy, and the mechanism and nature of CO binding to the deposited clusters. The SiO 2 support was a high quality gate oxide film grown on Si͑100͒, chosen for compatibility with single-electron tunneling experiments 26, 27 that will be reported separately. From the perspective of the present study, the important properties of this substrate are that it has a low density of chemically active surface sites and it is thick enough that clusters can be deposited at elevated energy without penetrating through the oxide layer.
II. EXPERIMENTAL SECTION
The experiments were performed in a vacuum system consisting of a mass-selected ion deposition beamline described elsewhere, 28 connected to a UHV surface analysis chamber with a base pressure of ϳ1.5ϫ 10 −10 Torr. The UHV chamber incorporates facilities for sample preparation, x-ray photoelectron spectroscopy ͑XPS͒, Auger electron spectroscopy, and ion scattering spectroscopy ͑ISS͒. It also includes a differentially pumped mass spectrometer for TPD and other reactivity studies. The operating and analysis procedures are similar to those previously described. 8, 9, 29 For experiments at elevated impact energies, where clusters may be embedded in the surface, we need a SiO 2 layer that is thick compared to the cluster diameter, but still conductive enough to allow neutralization of the ion charge on impact. Because it is impractical to generate such a thick SiO 2 layer in the UHV system, a fresh SiO 2 / Si sample was used for each experiment. Si͑100͒ wafers with a pregrown 2.8 nm thick thermal oxide were provided by the Intel Corporation and diced into ϳ10ϫ 5 mm 2 rectangles. These samples were then rinsed clean with 100% ethanol before drying in a flow of nitrogen gas. We note that a similar procedure using HPLC grade isopropanol solvent was found to leave transition metal contaminants on the surface, easily detected by ISS, which is highly surface sensitive, but not by XPS. Such metal impurities were undetectable following the ethanol rinse. The SiO 2 / Si sample was clamped tightly to a molybdenum backing plate, which was spot welded to a pair of Ta heating wires. To avoid hot spots, the heating wires were attached near the edges of the Mo backing plate, with the probed area of the sample located midway between. The Ta heating wires were attached to a pair of electrically insulated tungsten rods, mounted, in turn, to the bottom of a liquid nitrogen reservoir used for the low temperature experiments to be described. The sample temperature was controlled between 110 and 750 K by resistive heating and liquid nitrogen cooling and measured by a K-type thermocouple spot welded to the middle of the backing plate, directly behind the cluster deposition spot. This indirect temperature measurement was calibrated in an experiment wherein a thermocouple was glued directly to the SiO 2 / Si sample.
To avoid venting the UHV chamber to atmosphere during sample exchange, our instrument allows the end of the manipulator to be pushed through a differentially pumped triple seal into a small chamber that serves both for high pressure experiments and as a load lock for sample exchange. Because only the sample holder is exposed to atmosphere during sample exchange, the system reaches base pressure again a few hours after a new sample is cleaned and introduced. To avoid damage to the SiO 2 layer and to minimize sample-to-sample variations in SiO 2 morphology, the samples were not sputter cleaned. Instead, each sample was heated to 900 K by electron bombardment in the load/lock chamber to remove contaminants remaining from the alcohol rinse. Surface composition was checked by XPS, yielding results consistent with what would be expected for a ϳ3 nm SiO 2 layer on Si. ISS was used occasionally to check for metal contamination, but most samples were not probed by ISS prior to cluster deposition to avoid potential damage effects.
In the work to be described, mass-selected Ir n + ͑n =1,2,10͒ was deposited at controlled deposition energies, with the SiO 2 held at either room temperature or 110 K. In either case, the surface was flashed to 600 K immediately prior to the cluster deposition. The Ir clusters were deposited onto the surface through a 2 mm diameter lens/mask at the end of the beamline portion of the apparatus. For room temperature deposition, the sample was positioned 0.5 mm from contact with the mask. For 110 K deposition, the masksample distance was increased to 1 or 1.5 mm, resulting in a somewhat larger spot on the sample. Ir n surface coverage was controlled by integrating the deposition ion current on the sample and terminating deposition when the desired coverage was reached. Determining Ir coverage also requires knowing the spatial distribution of the Ir, which was determined by profiling the deposition spot using small area XPS, as described below. Coverages are given in terms of the percentage of a close-packed Ir monolayer ͑1.566 ϫ 10 15 Ir/ cm 2 ͒ within the 1.1 mm diameter analysis area normally used for ISS and XPS ͑i.e., for all experiments except spot profiling͒. After deposition, XPS was used to verify the Ir concentration as well as monitor the chemical state of the deposited Ir throughout the experiment. For our beam currents of the various Ir n clusters at different energies, the deposition times ranged from 5 to 30 min. The SiO 2 / Si substrate does charge somewhat during deposition, particularly for Ir + , where the ion current needs to be high because only a single Ir atom arrives with each ion. As a consequence, the uncertainty in deposition energy ͑determined by retarding potential analysis at the sample͒ is higher than in our previous studies. For Ir + the uncertainty is ϳ5 eV, thus we denote our lowest deposition energy as "Ͻ5 eV." Similarly, for Ir 2 + the lowest deposition energy is "Ͻ2 eV per atom." For Ir 10 + , the energy uncertainty is 0.5 eV/atom. Nominal deposition energies are relative to the mean of the deposition energy distribution.
XPS data were taken using Al K␣ ͑1486 eV͒ x rays impinging on the sample at 54.7°relative to the detection axis, which is along the surface normal. Photoemitted electrons within Ϯ5°of the surface normal were collected from a 1.1 mm diameter analysis area on the surface and passed through a hemispherical analyzer ͑Physical Electronics, Model 10-360͒. Charging also occurs in the XPS work, but the spectra contain several peaks ͑Si from the silicon substrate, O in SiO 2 ͒ with known energies that can be used as standards. The binding energy scales in the spectra presented below have been shifted by 0.9-1.1 eV to bring these known peaks to their literature values. 30 For ISS analysis, 500 eV kinetic energy He + was directed from an ion gun ͑Physical Electronics, Model 20-115͒ at the cluster deposition sample spot with a 45°angle of incidence, and scattered He + was collected along the surface normal ͑scattering angle= 135°͒ and energy analyzed by the hemispherical analyzer. Unless otherwise specified, the He + current at the surface was ϳ0.8 A and typical acquisition time was 17 s. The analysis area probed by ISS is the same as in XPS, as defined by apertures in the analyzer lens system. As needed, the ISS intensity ratios are corrected, using the XPS intensities, for variations in the analysis area Ir coverage ͑see below͒.
To gauge the changes in the spatial distribution and sticking probability of Ir particles on SiO 2 as a function of cluster size and impact energy, XPS profiling experiments were conducted for the two extreme cases examined within this data set, Ir + deposited at low energy and Ir 10 + deposited at high energy. The profiles obtained after depositing the same number of total Ir atoms, as determined by integrating the deposition current, are shown in Fig. 1 . To generate the plots shown, Ir 4f electrons leaving the surface were collected from a 0.6 mm diameter analysis area vertically centered on the cluster spot, while translating the surface horizontally in 0.1 mm steps. To extract quantitative spot profiles, the data must be corrected for this 0.6 mm convolution function, however, it is apparent in the raw data that Ir atoms at low deposition energy are deposited in a larger spot than Ir 10 at high energy. This broadening reflects some combination of increased surface charging due to the higher current ͑ϳ10 times͒ and lower beam kinetic energy ͑ϳ3 times͒ when depositing Ir + versus Ir 10 + . To extract both sticking behavior and the cluster spot shape/size from the profiles, a fitting procedure was employed to account for the 0.6 mm diameter analysis area used in profiling. This 0.6 mm analysis area was characterized by scanning a well defined edge of Ta foil across the collection lens, resulting in an analysis area that is circular with edges that are sharp on the scale of our measurement. The fits shown in the figure were obtained by assuming that the cluster spot is a radial Gaussian function, f͑r͒ = e −͑r 2 /K 2 ͒ , truncated at a radius corresponding to the 2 mm diameter exposure mask that controls the deposition spot. This was convoluted with a 0.6 mm diameter circular step function corresponding to the analysis area and the K parameter was varied to achieve a fit. The K parameter for each fit is indicated in the figure and it can be seen that the spot diameter for Ir 10 + at high energy is only about 60% of that for Ir + at low deposition energy.
With the spot profiles known, the intensity of each was integrated to yield relative sticking probabilities, S͑Ir 10 ͒ / S͑Ir͒ is ϳ0.9Ϯ 0.15 ͑Fig. 1 inset͒. Therefore, the sticking probability is the same for the two depositions, i.e., is size and energy independent, within the uncertainty of the measurements. The uncertainty reflects the small XPS signal coming from a small spot of only ϳ10% ML coverage, as well as uncertainties in the fitting procedure ͑e.g., the assumed spot shape͒.
For the purposes of analyzing the ISS data, the relative sticking probability is all that we need, however, the XPS intensities have also been modeled to determine the absolute Ir concentration, and, therefore, the absolute sticking probability. To do this, we assume that the Ir is all on the SiO 2 surface, which seems reasonable at low deposition energies, and then create a layered model of Ir on SiO 2 over Si, incorporating the densities of Si in Si and SiO 2 as well as the nominal oxide depth ͑28 Å͒. Using effective attenuation lengths for the Si and Ir photoelectrons in SiO 2 and Ir, calculated with the database program of Powell and Jablonski, 31 in conjunction with the relative photoemission cross sections and asymmetry parameters for Si and Ir, obtained from the Hartree-Fock-Slater model calculations of Yeh and Lindau, 32 we then allowed the Ir concentration to vary until the modeled ratio of Ir 4f e − :Si 2p e − matched that detected experimentally with XPS. With the assumptions built into this procedure, the best fit Ir concentrations correspond to a sticking probability of ϳ0.5, for both high energy Ir 10 + and low energy Ir + . It seems unlikely that sticking probability could be substantially less than unity, but still size and energy independent. Therefore, we suspect that the calculated photoemission parameters are in error and that the sticking coefficients are, in fact, close to unity for all size/energy combinations examined. This has been our experience in previous studies of Ir, Au, and Ni deposition on Al 2 O 3 and TiO 2 , 3, 9, 10, 24 and presumably reflects the relatively strong adsorption energies of metals to these surfaces, and the kinematics and energy dissipation behavior for impact of heavy atoms on surfaces composed of lighter atoms. Note, however, that the analysis below does not depend on this assumption, because the actual Ir coverages are measured by XPS. Ideally, the ISS experiments described below should be done on samples with identical Ir coverages in the 1.1 mm diameter ISS analysis area. The XPS spot profile information was, therefore, used to adjust the deposition times to make the Ir coverage in the analysis spot as close as possible to 0.1 ML. Actual measured coverages ranged between 0.103 and 0.109 ML. These small remaining run-to-run coverage variations were corrected for by scaling the intensity of the Ir ISS peak to the XPS intensities, thus allowing direct comparison between experiments. The effect on Si and O ISS intensities from the small variations in the Ir coverage are negligible. In addition to these experiments where the Ir concentrations were kept approximately constant, we also made a number of runs where the Ir dose to the sample was adjusted to give higher or lower spot-center concentration for comparison purposes.
TPD and temperature programmed reaction ͑TPR͒ data were collected using a quadrupole mass spectrometer ͑Stan-ford Research Systems RGA-100͒ housed within a separate differentially pumped chamber that views the surface through a 3 mm hole at the end of a skimmer cone. Gases of interest were leaked into the UHV chamber onto the surface at ϳ110 K while background exposures were monitored with both a nude Bayard-Alpert ion gauge ͑Varian͒ and a second residual gas analyzer ͑Stanford Research Systems RGA-100͒ in the main analysis chamber. After the gas exposure, the sample was positioned within ϳ0.5 mm of the skimmer cone aperture and then the surface temperature was linearly increased via resistive heating to 750 K at 3 K/sec, using a PID temperature controller ͑Barber Coleman Co. 2404͒ to control the heater power supply. During the temperature ramp, the mass spectrometer was cycled through the masses of interest with 0.1 s dwell time and ion signals were measured with a channeltron electron multiplier and pulse counting electronics.
III. RESULTS AND DISCUSSION

A. XPS: Substrate characterization
Si 2p XPS spectra were taken for the freshly prepared SiO 2 / Si surface, following deposition of Ir clusters, following TPD/TPR experiments, and at various stages in the sequence of ISS experiments ͑see below͒. For the freshly prepared substrate, peaks for Si 4+ from the SiO 2 layer, and Si 0 from the underlying Si bulk are observed with an integrated Si 4+ :Si 0 intensity ratio of ϳ0.62. The Si 4+ peak is slightly broader ͓1.9 eV full width at half maximum ͑FWHM͔͒ than the Si 0 peak ͑1.45 eV FWHM͒, suggesting some heterogeneity in Si 4+ environments in the SiO 2 overlayer, as might be expected for an amorphous thermal oxide film. The XPS energy scale has been shifted to correct for surface charging, setting the binding energy for Si 0 to the literature value for clean Si ͑99.3 eV͒. 30 With this correction, both the Si 4+ and O 2− peaks arising from the SiO 2 overlayer appear at their expected values of 103.3 and 533 eV, respectively.
Si XPS of varying thickness SiO 2 films on Si have been reported 33 and our Si 4+ and Si 0 peak shapes and intensity ratio are in reasonable agreement with the reported results for a 25 Å film. Film thickness can also be estimated directly from the intensity ratio, by modeling Si photoemission from the sample. Like the above, EALs calculated using the database program of Powell and Jablonski 31 were combined with experimental Si densities in Si and SiO 2 to build a layered model whereby the escape of Si photoelectrons from different depths in the sample can be calculated. With the assumption that the 2p photoemission cross sections and asymmetry parameters for Si 0 and Si 4+ are identical, the model predicts that the experimental Si 4+ :Si 0 XPS ratio corresponds to an SiO 2 overlayer of ϳ23 Å in thickness-in reasonable agreement with the nominal 28 Å thickness. This thickness corresponds to approximately ten layers of SiO 2 .
The only contaminant observable by XPS is carbon, which is barely detectable in low resolution ͑i.e., high transmission energy͒ XPS scans. The carbon XPS intensity was not affected if the samples were heated to 900 K in O 2 . Furthermore, carbon was not detected by ISS and the decrease in carbon signal as the SiO 2 film was sputtered away was proportional to the loss in O signal. At the point where the SiO 2 layer is completely sputtered away, there is no further carbon signal. All three observations are counter to what we would expect for adventitious carbon on the SiO 2 surface and also rules out introduction of carbon by impurity implantation during sputtering or by reaction of the sputtered surface with CO. Instead, it appears that the carbon was dispersed throughout the oxide layer. On that basis, the C concentration would be ϳ1%.
As expected, there is a small decrease in both Si XPS peaks following deposition of 0.1 ML of Ir clusters. ISS probing of the sample ͑less than ten scans͒ has no effect within the uncertainty on either the Si XPS or O/Si XPS intensity ratio, indicating that no gross thickness or stoichiometry changes occur. Damage from the 500 eV He + ISS beam only becomes apparent in XPS after longer exposures, equivalent to 40-50 ISS scans. The ISS damage leads to broadening of both Si peaks, a decrease in the Si 4+ / Si 0 intensity ratio, and a ϳ0.3-0.5 eV shift to lower binding energy of both peaks. These changes indicate that both the thickness and O:Si stoichiometry in the SiO 2 layer are decreased by sputter damage and that the underlying Si also becomes more heterogeneous, presumably due to implantation of He, O, and/or Si interstitials, and disruption of the Si lattice. Heating of this badly damaged surface to 750 K at 3 K/s sharpens the Si 0 peak and shifts it back to the nominal binding energy, presumably because annealing heals damage to the lattice and allows interstitial He to escape.
To characterize the presence of chemically reactive defect sites on the amorphous SiO 2 surface, we carried out experiments in which both SiO 2 and Ir n / SiO 2 samples were subjected to several cycles of hydrazine exposure at 110 K, followed by heating to 750 K. Hydrazine reacts readily with labile oxygen and also forms nitrides in reaction with metals. For example, hydrazine exposure/heating on Ir/alumina/ NiAl͑110͒, and to a lesser extent on alumina/NiAl͑110͒, leads to formation of a nitridelike compound presumed to have Al x O y N z stoichiometry, as shown by N and Al XPS. The extent of nitrogen incorporation was related to the density of defects in the alumina film. 23 Hydrazine reacts similarly with defects in SiO 2 , which is demonstrated by hydrazine exposure/heating experiments carried out on sputterdamaged SiO 2 where a strong N 1s signal centered at ϳ398 eV ͑nitridelike͒ was observed. For as-prepared SiO 2 and for Ir n / SiO n , hydrazine was observed to decompose during heating, generating N 2 , NH 3 , and H 2 products, however, there was no detectable nitrogen incorporated into the samples, even after repeated exposure/heating cycles. We conclude that the as-prepared SiO 2 surface has a low density of such chemically reactive defects. Figure 2 shows typical Ir 4f XPS data. The literature binding energies for bulk Ir are shown as vertical lines for both the 4f 7/2 and 4f 5/2 components at 60.9 and 63.9 eV, respectively. As discussed above, we shifted the binding energy scale so that the Si 0 binding energy is consistent with its literature value to compensate for sample charging. With this correction, we find that the binding energies measured for a high coverage ͑0.80 ML͒ Ir film are in good agreement with the bulk value. The XPS peak positions for typical samples with low coverage Ir + and Ir 10 + deposited at room temperature are all shifted ϳ0.3 eV to higher binding energy relative to bulk Ir. Such shifts result from some combination of initial state and final state effects. Initial state, i.e., chemical shifts, results from changes in the electron density around the photoemitting atoms due to the local chemical environment. An initial state shift to higher binding energy would require that the Ir in these samples be positively charged, i.e., that there is electron transfer from Ir to the SiO 2 . Final state shifts result from reduced screening of the core-hole final states for atoms that are isolated or located in small clusters, relative to atoms in bulk metal, where conduction electrons are available for screening. This loss of screening also produces a shift to higher binding energy. For reference, binding energy shifts reported for IrO 2 and various Ir salts relative to bulk Ir range from 0.8-3 eV to higher energy, and these also have contributions from both initial and final state effects. 34 Given that Ir is relatively difficult to oxidize, it seems likely that final state effects are dominant in the shift observed here. If Ir oxidation was largely responsible for the shift, we might also expect that upon exposure to a strong reducing agent, like hydrazine, that the peaks might shift back to lower binding energy, however, this is not observed. We note that for small Ir clusters deposited on TiO 2 , a similar 0.3 eV shift to higher binding energy is observed. 9 In that system, analysis of the shifts of both XPS and Auger features 35, 36 suggested that the 0.3 eV shift to higher binding energy actually re- sulted from a final state shift of ϳ0.6 eV to higher binding energy, partially canceled by an initial state of 0.3 eV to lower binding energy.
B. Ir n XPS
After the samples are annealed, ISS ͑below͒ shows signs of sintering/agglomeration of the iridium, especially for Ir atoms. Nonetheless, there is little if any change in the Ir XPS. Evidently, there are no gross changes in Ir oxidation state and the morphology changes induced by heating either are too small to cause significant changes in final state screening, or are offset by small heating-induced changes in initial state.
C. Ion scattering "ISS…: Raw data
XPS quantitatively probes the concentration and chemical state of atoms in the top few nanometers of the sample. Low energy helium ion scattering ͑ISS͒ is a complementary technique, sensitive primarily to atoms in the topmost layer of the sample. ISS intensities are very sensitive to sample morphology, including cluster structure, binding of adsorbates, and subplantation of atoms below the surface layer. The combination of XPS and ISS, therefore, gives insight into the surface structure of the samples and how this changes with cluster size and deposition energy.
At the 500 eV ͑and in a few cases, 1000 eV͒ He + impact energies used in this study, the He-surface interaction can reasonably be broken down into one or more approximately isolated binary collisions between helium and individual atoms in the sample. 37 The dominant factor controlling ISS surface sensitivity is the small ͑Ͻ10 −3 ͒ ion survival probability ͑ISP͒ ͑Ref. 38͒, i.e., the probability that He comes off the surface as He + . The ISP is highest for scattering of He + from a single atom in the topmost layer of the surface and, for such scattering events, the kinetic energy of the scattered He + is simply related to the mass of the target atom. 37 Multiple scattering, including scattering from subsurface atoms, is detected as a broad background underlying the peaks from single scattering, as shown in Fig. 3 . The intensity for each peak depends on the density of atoms of that element in the surface layer, the cross section for scattering into the detector ͑ scat ϳ 135°͒, and the ISP for He scattering from that type of atom. The scattering behavior is controlled by a screened Coulomb potential, typically represented by the empirical Molière potential, 37 and cross sections ͑͒, which can be estimated by calculating classical trajectories, with the result being for O, Si, and Ir in the ratio 0.8:1:2.1. The ISPs for the different types of surface atoms are unknown, but can be estimated by measuring ISS intensities for surfaces with known concentrations of each type of atom. 39 From our perspective, the most important point is that ISS intensities are also quite sensitive to the presence of adsorbates or other surface atoms that prevent He + from impacting the atom of interest ͑"shadowing"͒ or that block scattered He + from leaving the surface in the direction of the detector ͑"blocking"͒. The combination of blocking, shadowing, and ISP gives ISS sensitivity to the surface morphology.
Consider the 1 keV He + ISS data for the amorphous SiO 2 film, as-prepared and after sputtering by 1 keV Ar + , shown in the upper frame of Fig. 3 . The O and Si intensities for the as-prepared film depend on both the structure of the surface ͑O versus Si termination͒ and the relative detection sensitivity for O and Si ͑i.e., cross sections and ISPs͒. After sputtering until the O peak is nearly absent, the Si peak increases in intensity by a factor of ϳ5.8. This increase in Si intensity is approximately twice as large as what might be expected for removal of O from a surface layer with Si and O in a 1:2 ratio, consistent with the expectation that the asprepared film is O-terminated, such that the Si atoms are partly shadowed or blocked by overlying O. Note also the absence of significant ISS signal for carbon ͑E / E 0 Ϸ 0.304͒, suggesting that the carbon contamination observed in XPS is dispersed in the SiO 2 layer, rather than being concentrated on the surface.
In the discussion below, we will compare integrated ISS intensities, raising the issue of how to subtract the diffuse background underlying some of the ISS peaks. Unlike XPS, where the functional form of the background is well understood, allowing quantitative subtraction, ISS background includes a multiple scattering component which is not easily predicted. Fortunately, we are only interested in changes in the ISS intensities or intensity ratios for different samples, thus we only need a method that can be applied consistently across a set of similar spectra. For this purpose, we simply assumed that the background underlying the peaks varies linearly between the levels recorded on each side of the peaks, as shown in the top frame of Fig. 3 for the unsputtered SiO 2 spectrum.
An important issue with ISS is damage to the sample, which includes both implantation of He interstitials, and displacement/sputtering of surface atoms. The lower frame of Fig. 3 compares the first spectrum taken on a fresh SiO 2 sample, with a spectrum taken after 4 min of exposure to the ISS beam, equivalent to 15 ISS scans. It can be seen that the O intensity decreases by ϳ9% and the Si intensity increases by ϳ5%, indicating surface damage with preferential loss of O. To minimize damage effects, ISS scans were done as quickly as possible ͑ϳ17 s / scan͒ and select experimental sequences were repeated with some or all ISS steps omitted to examine the effects of ISS damage. It is important to note that while ISS damage complicates the experiments, it can also be an important tool for structural analysis, which will be discussed in the next section. To minimize the damage rate, the data in the lower frame of Fig. 3 , as well as all ISS data presented below, were taken with 500 eV He + , rather than the 1 keV He + used in the upper frame. The disadvantage of using a lower E 0 is that the peak widths and positions ͑E / E 0 ͒ are more sensitive to experimental nonidealities, such as charging of the 2.8 nm SiO 2 film or the energy spread of the He + beam. The effects, particularly the peak widths, vary from day to day ͑i.e., from sample-to-sample͒ for reasons that are unclear. Fortunately, the variations are small enough that there is no ambiguity in identifying the origin of the peaks. Figure 4 presents a typical collection of raw ISS data taken for Ir n deposited on SiO 2 / Si under different conditions. Because the spot profile ͑vide supra͒ varies with energy and cluster size, the total Ir deposited in these studies has been adjusted so that the Ir concentration within the ISS analysis area is roughly constant ͑10.3% ML to 10.9% ML͒, as determined by XPS. ͑The exception is the experiment for Ir atoms deposited at 30 eV, where a coverage of 0.32 ML was used in order to be able to better see the Ir signal͒. To correct for the variations in Ir concentration, data in the E / E 0 Ͼ 0.80 range has been scaled, using the XPS intensities, so that the Ir signal corresponds to what would be seen on a sample with exactly 10% ML Ir deposited. This correction has also been applied to the Ir/Si and Ir/O intensity ratios given below. Note, however, that the changes in Ir intensity discussed below are all readily apparent in the raw and unscaled data. With the exception of the bottommost spectrum, the data in this figure were taken after room temperature deposition.
Since all these experiments were done on samples with the same amount of Ir in the analysis area, and no gross changes to the oxidation state were observed by XPS as a function of cluster size, deposition energy, or surface temperature, the substantial variation in integrated Ir ISS intensity must relate to the morphology of the sample. The highest ratio of Ir to Si and O ISS intensities should occur for samples with Ir atomically dispersed on the surface, because nothing shadows or blocks scattering from the Ir, and the Ir adatoms shadow and block scattering from a fraction of the underlying Si and O atoms. If the Ir forms one-dimensional or 2D ͑single layer thick͒ islands, the Ir intensities may drop slightly due to Ir-Ir shadowing ͑a minor effect at our steep angle of incidence͒, and the Si and O intensities tend to increase slightly because the shadow cast by the Ir is reduced compared to isolated atoms. In the Au/ TiO 2 system, for example, the net decrease in metal/substrate ISS intensity ratio resulting from formation of single layer clusters is ϳ10%. 3, 5 Larger decreases occur if the metal forms multilayer clusters, subplants below the surface, or binds adsorbates. In any of these scenarios, a fraction of the metal is no longer in the ISS-visible top sample layer, and the intensity is reduced accordingly.
The most obvious trend in the data is that for all three sizes of Ir n , the integrated intensity of the Ir ISS peak decreases significantly with increasing deposition energy. This decline in Ir ISS signal implies that the amount of Ir present in the topmost surface layer decreases at high deposition energy, which could result from Ir embedding below the surface layer or the presence of adsorbates on top of the Ir atoms in the surface layer. Such adsorbates might include O or Si atoms displaced by the high energy impacts and in that case the distinction between embedding and adsorbate coverage is somewhat arbitrary. Also shown in the figure as dotted curves are the ISS spectra taken after heating the surface to 750 K at 3 K/s. For Ir 1 deposited on room temperature SiO 2 at low energies, there is little change upon heating. In contrast, the postheating Ir signals for low energy Ir 2 and Ir 10 are slightly reduced ͑but still substantially larger than that for Ir 1 ͒, suggesting that some thermal sintering or restructuring occurs, leaving less of the Ir in the surface layer. For Ir 1 deposited at high energy, where most of the Ir is embedded or adsorbate covered, heating results in increased Ir ISS signal, suggesting either diffusion of embedded Ir back to the surface, or adsorbate desorption. A similar trend is observed when heating the surface prepared via high energy Ir 2 deposition. For Ir 10 following high energy deposition, simple ISS shows no effect of heating ͑but see below͒.
There are also substantial variations in as-deposited Ir ISS intensity with cluster size even for low energies, where Ir must be on the surface. The highest integrated intensity is for Ir 2 , not Ir 1 . For reasons discussed in the next section, we believe that dimers deposited at room temperature are mostly, if not entirely, unaggregated, with a negligible level of adventitious adsorbates. Therefore the lower Ir ISS signal seen for the Ir 1 sample indicates either the presence of adventitious adsorbates or agglomeration into larger Ir particles, or both. For Ir 10 , the as-deposited Ir ISS intensity is nearly identical to that for Ir 2 , suggesting that atoms in the decamer are in the ISS-accessible top layer, i.e., Ir 10 is not depositing as a multilayer structure.
To address the issue of aggregation of the deposited Ir n , analogous experiments were carried out where clusters were deposited at a surface temperature of 110 K, where diffusion FIG. 4 . ISS spectra for ϳ0.10 ML Ir n / SiO 2 ͑n =1, 2, and 10͒ for different deposition energies, before and after heating to 750 K. The "as deposited" and "after heating" experiments were done on different cluster spots to eliminate possible effects of ISS damage. The bottom spectrum for 110 K atom deposition is the fourth ISS in the sequence summarized in Fig. 6 .
should be considerably, if not entirely, suppressed. The bottom spectrum of Fig. 4 shows one result from the low temperature data set for Ir 1 . It can be seen that the Ir ISS intensity is significantly higher than in the room temperature deposition experiment, supporting the idea that there is significant aggregation of deposited atoms at room temperature.
The final point of interest is the effects of Ir cluster deposition on the Si and O ISS intensities. To the extent that the Ir tends to bind over Si versus O sites in the surface layer, the corresponding signals should be attenuated. It is found that for deposition of either Ir + or Ir 2 + , the Si:O ratio drops by ϳ20% compared to the ratio for as-prepared SiO 2 . The decrease indicates a propensity to bind such that signal from Si atoms is attenuated more than that from surface O. For example, if Ir tends to bind on top of surface Si, it would preferentially block He + scattering from Si into the detector. It may seem surprising that 10% ML coverage of Ir can result in a 20% decrease in Si signal, but this simply reflects the Si:O stoichiometry. For Ir 10 deposition, the Si:O ISS ratio is only reduced by ϳ10% relative to that for as-prepared SiO 2 . The fact that ratio is closer to that of the as-prepared SiO 2 is consistent with the Ir 10 remaining intact ͑i.e., not breaking up to atoms or small clusters͒. The Ir ISS suggests that Ir 10 deposits mostly as single layer islands and such islands would necessarily cover a region of the surface, attenuating ISS from Si and O atoms to roughly the same extent.
D. He + sputtering to probe morphology and adsorbates
The combination of XPS and ISS intensities provides some insight into the morphology of the samples, but the presence of adsorbates on Ir has a similar effect to that of Ir sintering into multilayer clusters-the fraction of Ir atoms in the ISS-detected top layer is reduced. This ambiguity can largely be resolved by examining ISS intensity changes induced by He + sputtering, together with the effects of varying sample temperature.
Basic principles
In sputter depth profiling, ion impact is used to remove material from the sample surface, and the changing surface composition is monitored by Auger, XPS, secondary ion mass spectroscopy ͑SIMS͒, or some other spectroscopic means. Typically, relatively massive, high Z ͑atomic number͒ or cluster ions at keV energies are used to maximize momentum and energy transfer to the surface layer. Under such conditions, quantitative layer thicknesses can be measured with depth resolution of ϳ1 nm. The resolution is limited by impact-driven structural changes, such as surface atoms recoiling from the high momentum projectile ions and implanting in the bulk. The issues of interest here-adsorbate binding on different surface sites, the shape of Ir clusters on the surface, and embedding of Ir in the SiO 2 surface-are ones where the depth scale of interest is only a few angstroms. Using low energy ͑500 eV͒ He + as both the sputtering agent and ion scattering probe has proven to be a useful approach. 4, 9, 40 Low Z ions such as He + interact relatively weakly with atoms in the sample, penetrating deep into the sample before stopping, and depositing their energy into a relatively large volume. Furthermore, momentum transfer from light ions to surface atoms is inefficient and strongly dependent on the surface atom mass. As a result, the rate of damage to the near-surface region is low.
We are particularly interested in damage processes that either remove Ir from the ISS-accessible surface layer, or expose Ir by removing adsorbates or overlying Si and O atoms. Atoms can be removed from the surface layer either by sputtering or by recoiling ͑i.e, being driven͒ below the surface layer. Both types of damage rates can be estimated using the Stopping and Range of Ions in Matter program of Ziegler et al. 41, 42 The sputter yields for 500 eV He + incident on SiO 2 at 45°are calculated to be 0.51 O / He + and 0.13 Si/ He + , i.e., O is lost from the sample approximately four times faster than Si. Correcting for the 2:1 stoichiometry, the O:Si sputter efficiency ratio is ϳ2:1 ͑ЈefficiencyЈ = sputter yield/surface stoichiometry͒. This preferential O loss is responsible for the relative intensity changes in the lower frame of Fig. 3 The differential sputter rate for adsorbates is even higher. In our previous study of CO bound to Ir n / TiO 2 , a combination of ISS and CO TPD was used to observe the rate at which 1 keV He + impacts removed CO bound on the Ir. The conclusion was that sputtered CO mostly desorbed intact and that the desorption efficiency was at least 30 times higher than that for Ir. Similar data will be reviewed below for 500 eV He + impact on CO/ Ir n / SiO 2 and the conclusion is similar: CO sputters rapidly enough that it can be removed without causing significant loss of Ir from the surface layer.
In addition to sputtering, recoil can drive surface Ir into subsurface sites, although the tiny projectile/target mass ratio suggests that this process should be quite inefficient. Indeed, a SRIM calculation on a 2.5 Å ͑i.e., one atom͒ thick Ir layer on top of SiO 2 suggests that the yield of this process is only ϳ0.01 Ir/ He + -only ϳ10% of the sputter yield. Recoiling of the lighter Si and O atoms is somewhat more efficient ͑still small compared to sputtering͒, but because such events simply expose other Si or O atoms, they should not have much effect on the surface layer stoichiometry.
In the figures below, we present ISS data from sequential ISS experiments, where He + impact on the surface is used both as the sputtering projectile, and to probe changes in the surface layer composition. To correct for day-to-day variations in the He + intensity, the data are presented as Ir/ substrate ratios, i.e., the ratio of integrated Ir ISS intensity to the sum of Si and O signals. Because the Ir coverage is low and sputtering of the surface simply exposes underlying Si and O atoms, the sum of Si and O ISS signals does not vary much with He + exposure, and thus changes in the Ir/substrate ratio almost entirely result from changes in the Ir ISS signal. An increase in Ir/substrate ratio with He + exposure indicates that Ir is being exposed on the surface by adsorbate/overlayer sputtering at a rate faster than that at which it is removed. Conversely, a decreasing Ir/substrate ratio indicates that He + is removing Ir from the surface layer faster than the rate at which new Ir is exposed by removal of adsorbates or overlayers. Because the sputter efficiency for adsorbates is so much higher than that for Ir, a decreasing Ir/substrate ratio indicates that most of the Ir is on the surface and not adsorbate covered. Figure 5 presents the Ir/ ͑Si+ O͒ ISS intensity ratios for samples prepared by soft landing Ir n + on the SiO 2 surface at room temperature. Each deposition was done on a freshly prepared SiO 2 substrate. The experimental ratios are shown as points, with fitted lines to show rates of intensity change and initial values ͑extrapolated to zero He + exposure͒ more clearly. The He + exposures given correspond to the integrated timeϫ current up to the point when the Ir peak was scanned. The highest Ir/substrate ratio ͑and highest Ir intensity͒ recorded in this or any other deposition is for the asdeposited Ir 2 + deposited with Ͻ2 eV/atom energy ͑top frame͒. Note that the Ir/ SiO 2 ratio declines slowly with increasing He + exposure, indicating that Ir is being lost from the surface layer faster than the rate at which initially hidden Ir ͑if any͒ is uncovered. This is just the behavior expected for Ir on top of the surface without significant adsorbate coverage. If Ir 2 deposited at low energies is subjected to two heating cycles prior to ISS analysis, the initial Ir/substrate ISS ratio is ϳ25% lower than that observed for an unheated sample ͑bottom frame͒. This decrease indicates that the dimers diffuse and aggregate when the sample is heated, such that ϳ25% of the atoms are no longer ISS-accessible, suggesting the beginning of a second layer in the resulting Ir islands. In principle, such a decrease could also result from increased adsorbate coverage on Ir ͑unlikely for a heated sample͒, or encapsulation of Ir in the SiO 2 ͑seen for Ir on reducible oxides like TiO 2 , 9 but not expected for SiO 2 ͒. The fact that the Ir/substrate ratio decreases with He + exposure rules out these alternative explanations, as either should lead to growth in Ir intensity as overlayers/adsorbates are removed ͑see examples below͒. The fact that the slope of the decrease in Ir/substrate ratio is similar for the room temperature and heated samples is further evidence that the clusters formed by aggregation are mostly single-layer islands, with only a small fraction in the second layer, on average. For the case of large multilayer clusters, the initial slope of the Ir/ substrate ratio versus He + would be near zero, because removal of top-layer Ir would simply expose additional Ir from the layer͑s͒ below. Behavior approaching this limit is seen in for large 3D Ir clusters on TiO 2 . 9 In the case of Ir 10 + , the initial Ir/ ͑Si+ O͒ ratio is very close to that observed for Ir 2 + , and the effect of heating on the ratio is also similar. Presuming that the as-deposited Ir 2 + is not aggregated, the similar initial Ir: ͑Si+ O͒ ratio for Ir 10 , together with the negative slope, suggests that Ir 10 also deposits such that all Ir atoms are in the surface layer, i.e., in single layer Ir islands on the surface. The fact that the ratio decreases by ϳ30% if the Ir 10 sample is heated to 750 K before analysis indicates that ϳ30% of the Ir is no longer in the top layer. This could represent sintering of Ir 10 , but it is also possible that the change might simply reflect a relaxation of the initial planar islands by migration of some Ir atoms to form a partial second layer. This might occur if impact at 1 eV/atom flattens the gas phase Ir 10 + on the surface, and the initial impact energy dissipates too rapidly to allow rearrangement to a more compact 3D geometry. An analogous impact-induced flattening was observed for Ni 10 / TiO 2 , although, in that case, higher impact energies were required. 8 Ir atoms deposited at room temperature give rise to an initial Ir/ ͑Si+ O͒ ratio of only half that for Ir 2 , and the trend with He + exposure has a positive slope. The initially low ratio could result from either sintering into multilayer clusters or the presence of adsorbates, such that only approximately half the Ir is exposed in the topmost layer. The positive going slope indicates that additional Ir is exposed in the top layer by He + sputtering, which tends to suggest the idea that the low initial ratio results from adsorbates, however, there are two factors that make this conclusion questionable. First, as shown below, adsorbate removal by He + sputtering leads to much faster recovery of Ir signal than what is seen here. Furthermore, it would be surprising if Ir atoms were substantially ͑approximately half͒ covered by an adventitious adsorbate, while Ir 2 appears to be approximately adsorbate free. This is particularly true given that the deposition time, and hence time available to accumulate adsorbates is significantly shorter for deposition of Ir + ͑6 min͒ than for Ir 2 + ͑25 min͒. Therefore, we speculate that while adsorbates probably play some role, the main reason for low Ir signal when atoms are soft landed is diffusion to form structures where only approximately half the Ir is ISS-detectable, but where He + impact can activate rearrangement into geometries where additional Ir is exposed. For example, if the initial structure was a ramified two-layer surface island, where shadowing and blocking attenuates Ir ISS signal, He + impact might knock atoms from the second layer onto the SiO 2 , increasing the fraction of Ir in the ISS-accessible layer. For the Ir 2 and Ir 10 clusters, which appear to be single-layer structures, all Ir atoms are exposed already, and He + impact can only lead to loss of Ir from the surface layer.
Soft landed Ir n
Note that heating of the sample with soft-landed atoms leads to an increase in the initial Ir/ ͑Si+ O͒ ratio, which, however, remains well below the ratios for Ir 2 and Ir 10 , before or after heating. In addition, the slope of the Ir/ ͑Si +O͒ ratio versus He + exposure becomes negative. The initial rise in intensity suggests that there probably is some contribution from adsorbates to the loss of Ir intensity for unheated Ir/ SiO 2 . The negative slope presumably reflects slow Ir sputter loss from more compact sintered clusters.
Low temperature deposition
Because it seems likely that atoms deposited at room temperature are diffusing and forming some sort of cluster on the surface, we carried out analogous experiments at 110 K surface temperature, with the idea of inhibiting diffusion, and thereby observing dispersed atoms. Figure 6 compares Ir/ ͑Si+ O͒ ISS ratios versus He + exposure for samples prepared by deposition of Ir + and Ir 10 + on 110 K SiO 2 , analogous to the results in Fig. 5 for room temperature SiO 2 . Note the very low initial value of the ratio and the rapid initial rise, followed by a much slower decline at high exposures. Note that the changes almost entirely reflect changes in the Ir signal-the Si and O signals vary slowly, and only by a few percent over this range of He + exposure. Given the relative sputter efficiencies discussed above, this pattern suggests that the Ir is initially almost all decorated by some adventitious adsorbate, which blocks He + scattering, but is also removed rapidly by He + bombardment. The rise in Ir/ ͑Si+ O͒ ratio levels off at the point when the adsorbate is mostly gone, such that the rate at which sputtering removes Ir equals the rate at which additional Ir is exposed by adsorbate sputtering. Note that the rise in the Ir signal is so fast that our normal He + beam intensity, which is already quite low by analytical ISS standards, would lead to significant adsorbate loss during the initial ISS scan. To minimize the initial damage rate, the first data point in Fig. 6 was obtained using a He + beam with more than an order of magnitude lower flux. By extrapolating the long time decay back to the limit of zero He + exposure, we can crudely estimate what the ratio might have been if there were no adsorbates blocking Ir ISS. One might expect that the extrapolated values should reflect the ratio for dispersed Ir atoms and Ir 10 . Note that the extrapolated values are well above the value for Ir atoms de posited at room temperature, but still well below the initial values for Ir 2 + and Ir 10 + deposition at room temperature. This is true both for atoms, where sintering is probably important at room temperature, and for Ir 10 , where it probably is not. There clearly is less Ir atom sintering at 110 K, however, because the adsorbate effect is so large at 110 K, the extrapolation uncertainty is too large to allow any further conclusion to be reached. The identity of the Ir-blocking adsorbate and the nature of its binding are discussed further below.
The effect of high deposition energy: Embedding
To explore the possibility of stabilizing the Ir n / SiO 2 model catalysts against sintering at elevated temperatures, we examined deposition at high per atom impact energies. The idea is to create defects at the impact site that might stabilize the clusters against diffusion, as has been shown in a number of STM experiments. [43] [44] [45] In the Ir n / TiO 2 system, 9 we showed that impact at energies between 10 and 40 eV/ atom lead to partial or complete embedding of the Ir n in the surface. In that system it was difficult to examine the effects on sinter stability because the TiO 2 surface was found to encapsulate deposited Ir clusters upon heating, even for Ir n deposited on top of the TiO 2 at low impact energies. Figure 7 shows the results of experiments for hardlanded Ir n ͑n = 1, 2, and 10͒, as-deposited ͑top frame͒, and for samples that were heated to 750 K prior to ISS analysis ͑bottom frame͒. The deposition energies were 30 eV for Ir + , 30 eV/atom for Ir 2 + , and 14 eV/atom for Ir 10 + . The lower per atom energy for Ir 10 + was chosen because in our previous work on Ir n / TiO 2 , it was found that the larger clusters embedded completely, with no ISS-visible Ir, in this energy range. For Ir + / SiO 2 and Ir 2 + / SiO 2 , the extrapolated initial Ir/ ͑Si+ O͒ ratio is ϳ0.07, more than a 75% reduction com- + / TiO 2 at 10 eV/atom, we expected a similar level of embedding for Ir 10 + / SiO 2 . It can be seen, however, that the Ir signal is only reduced by ϳ30%, compared to soft landed Ir 10 + . Presumably the difference reflects the energetics of displacing a large enough number of Si and O atoms to bury Ir 10 . As the sample is exposed to He + flux, the Ir/ ͑Si+ O͒ ratios all increase, indicating that some initially blocked Ir is exposed by sputtering of overlying Si or O atoms. For samples that were heated to 750 K prior to ISS analysis, the initial Ir/ ͑Si+ O͒ ratios for Ir and Ir 2 deposition both increase, relative to the unheated sample, and the slope versus He + exposure becomes negative. Both effects are consistent with thermally activated diffusion of some fraction of the buried Ir back to the surface layer. Note that the initial ratio is smaller for hard-landed, heated Ir or Ir 2 than for the analogous soft landed, heated samples. This effect suggests that some fraction of the hard landed Ir remains buried after heating. Both the initial ͑extrapolated͒ ratios and trends with He + exposure are nearly identical after heating for hard landed and soft landed Ir 10 / SiO 2 . This suggests that, for the small extent of embedding observed for Ir 10 + at 10 eV/atom, heating leads to a similar final state.
Substrate-mediated adsorption in SiO 2 and TiO 2
As shown above, binding of adventitious adsorbates at 110 K has a large effect on the Ir ISS intensity, and the strength of the adsorbate effect is, in itself, rather interesting. Of the gases with significant partial pressures in our 1.5 ϫ 10 −10 Torr background, CO is a logical candidate for the adsorbate responsible for blocking Ir ISS signal, because CO binds strongly to Ir. This hypothesis was tested by comparing TPD of an Ir/ SiO 2 sample exposed only to chamber background, with that for a sample exposed to a saturation ͑5 L͒ dose of 13 CO. The CO desorption signals ͑m / e 28 for adventitious exposure, 29 for the 13 CO dose͒ are compared in Fig.  8͑a͒ . No significant desorption of other masses was observed. Note that the sample exposed to the saturation dose shows more CO desorption at low temperatures, but that in the temperature range from 400 to 650 K, where CO is expected to desorb from Ir, 9, [46] [47] [48] CO TPD from 0.09 ML Ir 10 / SiO 2 following adventitious exposure to chamber background during sample preparation. In both cases, the deposition energy was 1.5 eV per atom. ͑b͒ Temperature-programmed ISS demonstrating that CO is the dominant adventitious adsorbate affecting ISS ͑see text͒.
identical intensities. The implication is that for a subsaturation exposure, most of the CO diffuses to the more stable Ir sites. From the intensity of the CO desorption, it is clear that the bulk of the desorption of CO from amorphous SiO 2 is below our accessible temperature range ͑Ͼ110 K͒, thus the low temperature feature is attributed to CO bound to SiO 2 sites with above-average CO affinity.
Confirmation of these binding site assignments was obtained from a temperature-programmed ISS experiment, as shown in Fig. 8͑b͒ . A sample consisting of 0.092 ML Ir 10 / SiO 2 was first flashed to 750 K to remove any adventitious adsorbates, after which the Ir/ ͑Si+ O͒ ISS ratio was measured to be ϳ0.19 ͑point labeled "Minimal UHV exposure"͒. The sample was then held at 110 K in the UHV chamber for 1 h, and then a set of ISS scans was acquired as the sample was heated slowly to 700 K. The attenuation of Ir signal from adventitious adsorbates is indicated by the downward arrow at 110 K. The 1 h adsorption period is roughly twice the time scale of the experiments discussed above, and results in a near total attenuation of the Ir signal. To minimize loss of adsorbates by He + sputtering, the ISS was done with a very low He + flux ͑ϳ1.2 A s per ISS͒. The rate of sputter removal of the adsorbate was measured in a separate experiment where the sample was not heated and is plotted as a trend line ͑"Calibrated He + removal of adventitious CO"͒. Note that there is no significant increase in Ir/ ͑Si +O͒ ratio, beyond that expected from He + sputtering, between 110 and 200 K. This is the temperature range where the low temperature CO desorption occurs ͓Fig. 8͑a͔͒, confirming that the low temperature feature is not associated with Ir. No significant deviation of the Ir signal from the sputter trend is observed until the sample reaches ϳ450 K, which is where the high temperature CO desorption feature begins. The Ir signal increases dramatically as CO desorbs between 450 and 600 K, demonstrating that the high temperature feature is, as expected, due to adventitious CO bound on Ir sites. Above 600 K, the Ir signal is roughly constant and within 10% of the value recorded prior the start of the experiment. ͑The He + flux here is too low to cause significant Ir sputter loss on the time scale of the experiment.͒
The total exposure to CO can be estimated from the chamber pressure ͑1.5ϫ 10 −10 Torr͒ and the mass spectrum of the background gas, which is roughly one-third CO, suggesting a CO partial pressure ϳ5 ϫ 10 −11 Torr. The deposition time needed to create the surfaces examined in Fig. 6 was 10 min for Ir + and 20 min for Ir 10 + , and there was a post deposition XPS done, which added about 10 min prior to ISS. The total CO exposure, therefore, was ϳ0.06 L for Ir 1 and ϳ0.09 L for Ir 10 . These exposures correspond to between 2.5 and 3.5ϫ 10 13 CO impinging on the sample per cm 2 . If the only mechanism for CO sticking to Ir was direct adsorption from the gas phase, then only ϳ1.5% -2% of the Ir atoms would be covered. In contrast, the attenuations in Fig. 6 are ϳ65% for Ir 1 and 70% for Ir 10 . Given the steep angle of incidence ͑45°͒ in our ISS geometry, CO bound on top of the Ir islands can attenuate scattering from Ir by both shadowing and blocking, but the net attenuation should be no larger than one or two Ir atoms per CO, depending on how it is bound. Clearly adsorption involves more than CO that happens to land on Ir sites. In fact, in order to account for the large attenuations, it is necessary to assume that every CO molecule landing anywhere on the surface diffuses to, and ends up bound on top of Ir. This process, known as SMA or reverse spillover, 49, 50 is significant in systems where the adsorbate binds weakly on the substrate, such that it has a significant desorption lifetime, but binds stably if it encounters a metal ͑i.e., Ir͒ site.
The importance of this mechanism is determined by the ratio of the diffusion and desorption rates for the adsorbate on the substrate, and by the dispersion of the metal on the substrate, which determines the average distance an adsorbate must diffuse before encountering a stable metal binding site. The highly dispersed Ir n / SiO 2 systems of interest here are, therefore, expected to be extremely efficient at SMA, provided that the temperature is such that CO has a significant lifetime on SiO 2 . Assuming that the low temperature desorption feature is a tail from the main desorption peak, we can estimate that the main peak might be in the temperature range around 100 K, and in that case a first order Redhead analysis assuming a prefactor of 10 13 sec −1 , gives an adsorption energy ͑E ads ͒ of ϳ25 meV. At 110 K, the desorption lifetime for these sites would be ϳ30 ms, and of course the amorphous SiO 2 has sites with higher E ads accounting for the tail we observe up to 200 K ͓Fig. 8͑a͔͒. The diffusion barrier energy ͑E diff ͒ for CO on amorphous SiO 2 is not known, but if we estimate that E diff Ϸ 0.4 E ads , then the site hopping time scale ͑also assuming a prefactor of 10 13 ͒ would be a few nanoseconds. Clearly, this ratio of diffusion and desorption time scales would result in highly efficient SMA. One might expect that for the same coverage of Ir atoms and Ir 10 , SMA would be more efficient for atoms because the distance between metal binding sites is smaller. For this system, however, SMA is so efficient that both Ir/ SiO 2 and Ir 10 / SiO 2 collect essentially all the CO, and end up nearly saturated by our adventitious exposure. For Ir n / SiO 2 at room temperature, the same assumptions lead to a desorption lifetime of Ͻ2 ns, which presumably accounts for the absence of significant CO coverage on Ir.
6. Comparisons of Ir n / SiO 2 and M n / TiO 2 "110… Figure 9 compares the size dependence of the initial Ir/ ͑Si+ O͒ ratio with the analogous ratios for Ir n / TiO 2 and Ni n / TiO 2 , i.e., the metal/substrate ratios. Ideally, we would like to put the Ir/ ͑Si+ O͒ and Ir/ ͑Ti+ O͒ ratios on the same absolute scale, so that difference in morphology can be directly inferred. The detection efficiency for He + scattered from top layer Ir in Ir/ TiO 2 and Ir/ SiO 2 should be very similar, and the same is true for He + scattered from O in the top layer. The main factor that complicates comparison of the Ir/substrate ratios is, therefore, the relative detection efficiency for Ti versus Si in the two substrates. The cross section for 135°He + scattering varies ͑assuming a Moliere potential͒ approximately linearly with atomic number of the target atom, thus the cross section for Ti ͑Z =22͒ is ϳ60% larger than that for Si. The actual measured ratio of Ti and O ISS intensities for TiO 2 ͑ϳ1.8͒, is about 4.2 times greater than the Si/O intensity ratio for SiO 2 ͑Fig. 3͒, which is about 2.6 times larger than would be expected from the 60% larger Ti cross section. The additional factor of 2.6 results from the SiO 2 being O-terminated, such that the Si is largely inaccessible to He + scattering. In contrast, half the Ti atoms in TiO 2 ͑110͒ are essentially in the surface plane, and therefore accessible to ISS detection. Because of the Z-scaling of the ISS cross section, the ͑Si+ O͒ intensity sum for oxygenterminated SiO 2 is lower than the ͑Ti+ O͒ intensity sum for TiO 2 . Thus, for identical Ir morphology ͑i.e., Ir intensity͒ the Ir/substrate ratio for Ir/ TiO 2 will be lower than that for Ir/ SiO 2 . If we assume that ISS detection sensitivities for O atoms in SiO 2 and TiO 2 are identical, then we can use the Si/O and Ti/O ratios to estimate a scale factor ͑ϳ1.37͒ that should allow direct comparison of Ir/substrate ratios for SiO 2 and TiO 2 .
In the figure, both the raw Ir/ ͑Ti+ O͒ ratio and the scaled Ir/͑substrate͒ ratios are given for Ir/ TiO 2 . The fact that the agreement for Ir 2 / SiO 2 and Ir 2 / TiO 2 is essentially perfect is undoubtedly fortuitous, however, good agreement is not surprising. In both cases, the samples are believed to consist of Ir dimers dispersed on the surface with little or no adsorbate on top of Ir, and thus the corrected Ir/substrate ratios should be identical. For Ir/ TiO 2 , the Ir/substrate ratio decreases rapidly with increasing cluster size, indicating that the larger Ir n + clusters deposit as multilayer structures, where a decreasing fraction of the Ir is in the top layer. This behavior is just what we would expect for deposition of intact clusters that do not wet the surface. For Ir n / SiO 2 , the Ir ISS signal does not decrease for Ir 10 , indicating that all the Ir is still in a single, ISS-accessible layer on the surface. As discussed above, this structure may result from impact-induced flattening during deposition, or a greater tendency to wet SiO 2 , compared to TiO 2 .
In the case of Ni n / TiO 2 , only the raw Ni/ ͑Ti+ O͒ ratios are given because the major effect is the much lower detection efficiency for Ni, relative to Ir. The detection efficiency is low largely because of the 2.6 times lower He + scattering cross section, but there will also be a contribution from differences in ISP for He + scattering from Ni and Ir, and this factor is not readily estimated. Nonetheless, it is clear that for Ni/ TiO 2 , the clusters also appear to wet the surface, with roughly constant Ni/substrate ratio up to Ni 10 . At Ni 15 , the clusters begin to deposit as 3D clusters. The behavior of deposited atoms is quite different on TiO 2 and SiO 2 . For both Ir and Ni on TiO 2 , the metal/ substrate ratio is 8%-10% lower than that for the dimer. This could imply that some fraction of the deposited atoms are sintering into 3D clusters, but another possibility is that the atoms diffuse and bind at O-vacancy sites present at the 8% level on this surface. As discussed in the Introduction, these vacancy sites are likely to serve as diffusion trap sites, inhibiting further sintering. This effect has been clearly shown for Au atoms on TiO 2 ͑110͒, 3, 4, 6 and in that system, the metal/ substrate signal for Au atoms is ϳ10% larger than for Au dimers. 29 Note, however, that O-vacancy sites are electron rich, and it is not unreasonable to expect that metal atoms bound at such sites might have slightly different ISP for He + scattering, possibly accounting for the lower metal/substrate ratio. The big difference, however, is for Ir atoms on SiO 2 , where the Ir/substrate ratio is approximately half that for the dimer. As discussed above, there may be a small contribution from adventitious adsorbates to this attenuation, but the major effect is thought to be from atom diffusion and sintering on the SiO 2 surface, which has a low density of chemically active defect sites.
The other interesting difference between Ir/ SiO 2 and Ir/ TiO 2 is the binding geometry of the adventitious CO. As shown above, SMA of adventitious CO on Ir/ SiO 2 is important only at low temperatures, and the CO ends up bound on top of Ir, where it efficiently blocks scattering of He + from the Ir. The CO binding energy on TiO 2 ͑110͒ is large enough that SMA is moderately efficient even at room temperature. This process has been studied in detail for the Pd/ TiO 2 ͑110͒ system by Bowker et al. 51 The desorption temperature of CO from TiO 2 ͑110͒ is reported to be 135 K, resulting in E ads of ϳ38 meV. At room temperature, the desorption time scale is ϳ100 ns, with diffusion presumably considerably faster. In our study of Ir n / TiO 2 ͑Ref. 9͒ it was found by TPD that small clusters such as the dimer were ϳ60% saturated by adventitious CO, whereas for Ir 10 , the Ir sites were only about 20% saturated. As noted above, a decrease in SMA efficiency is expected as cluster size is increased, for temperatures in the range where only a limited time is available for diffusion before the CO desorbs.
The interesting point about the SMA for Ir/ TiO 2 is that the CO binds almost exclusively to sites associated with, but not on top of the Ir. This was seen in ISS versus He + exposure experiments similar to those reported above for Ir/ SiO 2 . For Ir/ TiO 2 , despite CO coverage ͑determined by TPD͒ that is a substantial fraction of the saturation coverage, there is very little attenuation of the Ir ISS signal, and little recovery as the CO is sputtered away. This is shown for the case of Ir 10 / TiO 2 in Fig. 10 , which should be compared with the Ir 10 / SiO 2 data in Figs. 5 and 6. Note that for the ϳ0.1 L adventitious exposure to as-deposited Ir 10 / TiO 2 , the ISS Ir/ substrate ratio is high, and only increases by a few percent as the CO is removed ͑demonstrated by post-ISS TPD͒. In contrast, if the Ir 10 / TiO 2 is exposed to a saturation dose of CO, the Ir ISS signal is almost completely attenuated, and the signal increases rapidly as the CO is sputtered away, much as it does for Ir/ SiO 2 at low temperatures. For this system, CO binding sites around the periphery of the Ir clusters, where they do not shadow or block He + scattering from Ir, appear to be more stable than atop sites, which are populated only when the peripheral sites are saturated.
IV. CONCLUSIONS
On relatively defect free amorphous SiO 2 , Ir atoms diffuse and sinter at room temperature to form multilayer, but probably ramified structures on the surface. Under the same conditions, clusters as small as Ir 2 are stable with respect to sintering. At low sample temperatures, atom diffusion can be suppressed, however, there is efficient SMA of adventitious CO, not seen at room temperature. The adventitious CO binds in sites atop the Ir, strongly attenuating the Ir ISS signal. This behavior is in strong contrast with that for Ir/ TiO 2 , where CO prefers to bind in sites around the cluster periphery, where it does not interfere with Ir ISS. Deposition at elevated impact energies leads to embedding of Ir into the SiO 2 surface. Heating these samples results in partial diffusion back to the surface ͑if embedded͒ and the growth of larger clusters.
